Cu(II) ion-imprinted polymer (IIP) was prepared by a surface molecular imprinting technique using Cu(II) as the template ion, aniline as the functional monomer, attapulgite (ATP) as the support and epichlorohydrin (ECH) as the cross-linking agent. In this study, the IIP was characterized using scanning electron microscope and Fourier transmission infrared spectrometry, and then the factors affecting adsorption were discussed. The selectivity and adsorption capacity for the Cu(II) ions on Cu(II) IIP were systematically studied. Under optimal conditions, the results of this study revealed that the IIP possesses a very strong adsorption and recognizing ability for the Cu(II) ions. The maximum adsorption capacity of IIP for Cu(II) was about 32.0 mg/g and its selectivity is twice that of a non-imprinted polymer. When the Cu(II)polyaniline/ATP IIP was used repeatedly, its adsorption capacity remained constant.
INTRODUCTION
The removal of toxic and polluting heavy metal ions from industrial effluents, water supplies and mine waters has received much attention in recent years. Heavy metals such as mercury (Hg), chromium (Cr), lead (Pb), nickel (Ni), copper (Cu) and zinc (Zn) are usually associated with toxicity. Therefore, it is necessary to have an effective separation and pre-concentration procedure before determining their toxicity. Copper, considered to be an essential micronutrient for humans, is one of the pollutants present in waters. According to the Environmental Pollution Agency, the acceptable concentration action level for copper in public water supplies is 1.3 ppm. High concentrations of copper in the human body can cause stomach and intestinal distress such as nausea, vomiting, diarrhoea and stomach cramps. It is well known that the free copper ion is highly toxic for marine organisms, and therefore, its determination is an important analytical task (Franklin 1983; Harwood-Sears and Gordon 1990; Ramachandran et al. 1997; Wong et al. 1999) .
In order to remove heavy metal ions, traditional methods such as precipitation, ionic exchange, flocculation and filtration are followed. However, the proper utilization of these methods, in most cases, is limited by technical or economical inviabilities. Additionally, most of these techniques have some disadvantages such as complicated treatment process, high cost and energy use. These techniques generally need a long detention time, which makes their implementation difficult, especially when the metals are dissolved in great volumes of water. Another reason attributed to the difficulty in implementing such treatments is the generation of * Author to whom all correspondence should be addressed. E-mail: xuhui@lut.cn; guodonghong2008@163.com (H. Xu). solid residues that are stored and disposed, causing another serious problem (Ferreira et al. 2007; Sousa et al. 2007; Abbas et al. 2008; Karnitz Júnior et al. 2010) . Bio-adsorption is one of the general methods used for removing heavy metal ions from wastewater. This method has some advantages such as a rich source of raw materials, high efficiency and low cost. However, the method is still in the experimental simulation stage. Therefore, there is a long way to go before the method could be successfully implemented to remove heavy metal ions from wastewaters.
Among all the available methods of water treatment, adsorption is the most effective method for removing a broad range of dissolved heavy metal ions from wastewater. Adsorption has been found to be superior than other techniques for water re-use in terms of initial cost, flexibility and simplicity of design, ease of operation and insensitivity to heavy metal ions. This process offers an attractive alternative for the treatment of contaminated waters, especially if the sorbent is inexpensive and does not require an additional pre-treatment step before its application (Gupta et al. 2009 ).
Molecular imprinting is an emerging technique for the preparation of polymeric materials possessing highly selective and affinitive properties (Martin et al. 2000) . For heavy metal ions, molecular imprinting can be interpreted as an equivalent of ionic imprinting. Surface imprinting technique is one of the important types of molecular imprinting techniques . The surface-imprinted material not only possesses high selectivity but also avoids problems with mass transfer in comparison with traditional imprinting technique (Chang et al. 2008; Zhang et al. 2010) . Ion-imprinted polymers (IIPs) are similar to surface imprinting technique, but they recognize the given ions after imprinting (Rao et al. 2006) . Ion imprinting is a convenient and powerful method to synthesize IIPs which are capable of high ion recognition. The ion-imprinting process involves polymerizing functional monomers and mixing them with template ions in the presence of a cross-linking agent. The removal of these template ions leaves behind imprinted cavities in the polymer that provide selective binding sites for these specific template ions (Huang et al. 2007) . In ion-imprinting process, the selectivity of a polymeric adsorbent is based on the specificity of the ligand as well as on the coordination geometry, coordination number, charges and sizes of the ions (Izatt et al. 1994; Sreenivasan 2007 ], which offers faster mass transfer kinetics, was established. Attapulgite (ATP) is a hydrated octahedral-layered magnesium aluminium silicate mineral containing siloxane groups in the bulk and silanol groups on its surface ). Because of its particular intensity, special structure, stable chemical properties and abundant raw materials, ATP has the potential to act as an inorganic support material in synthesizing surface-imprinting polymer.
Polyaniline (PANI) is a polyaromatic amine that can be easily synthesized chemically from Brønsted acidic aqueous solutions (Li et al. 2008) . Because of the chemical structure of PANIconducting polymers and the presence of functional groups (in oxidized or reduced states) such as −NH (amine) or −N = N (imine) groups in its structure, PANI shows a strong affinity for metal ions. Its polar structure and ion-exchange properties have also made this polymer and its derivatives a suitable adsorbent for the removal of some anions and dyes (Ansari and Khoshbakht 2007; Ansari and Delavar 2008) . Recently, applications of PANI-conducting polymers for strong adsorption of heavy metal ions from aqueous solutions have been reported (Ansari 2006; Ansari and Raofie 2006; Huang et al. 2006; Ansari and Delavar 2008; Li et al. 2009a,b; Stejskal et al. 2009 ).
In this article, a new type of Cu(II) IIP was prepared using copper ions as the template, aniline as the functional monomer, ATP as the support and epichlorohydrin (ECH) as the cross-linking agent. In addition, the preparation process and adsorption properties were studied in this research.
EXPERIMENTAL SETUP

Materials and Methods
The ATP clay used in the study was provided by Xuyu, Jiangsu Province, China. The following materials were obtained from A.R. China: Aniline (An), ammonium persulphate (APS), HCl and ECH. A stock solution of Cu(II), prepared by dissolving CuSO 4 ·5H 2 O in double-distilled water, was taken as the adsorptive solution. KH-570 (The Yaohua Factory, Shanghai, China) and ethanol (The Deen Factory, Tianjin, China) were used in the work. The KH-570 solution was prepared by dissolving in ethanol before use. Other chemical agents used in the study, such as ethylene diamine tetracetic acid, NH 4 Cl and CCl 4 , were of analytical grade, and all the solutions were prepared by dissolving them in double-distilled water. Additionally, deionized water was also prepared.
Preparation and Characterization of PANI/ATP Composite
ATP (8.0 g) was dissolved in 100 m distilled water in a 250-m three-necked flask and stirred. Once ATP was completely dissolved, the KH-570 solution was added, and the mixture was continuously stirred for 2 h. About 50 m HCl solution (2 M) and 4 m aniline was added to this mixture, followed by dispersion of 5.56 g APS. The solution was allowed to react for 4 h at 25 °C. The final solution mixture was washed several times with mixed solution of water and ethanol to remove any unreacted reactants. The depurative product was dried in an oven at 80 °C until the weight of the products becomes constant, and then glaucous products were obtained by the procedure suggested by Xu et al. (2011) .
Preparation and Characterization of Cu(II) IIPs in which ATP Acts as Support Material
About 5.0 g of PANI/ATP was equilibrated with 100 m of the 100 mg/ Cu(II) solution (at pH 6.0, using acetic acid/sodium acetate buffer). The mixture was mechanically shaken for 240 min at room temperature, and was recovered by filtration. The resulting solution was washed several times with distilled water to remove the remnant Cu(II), and dried at 80 °C.
About 4.0 g Cu(II)-PANI/ATP and 16 m ECH were dissolved in ethanol solution in a 250-m three-necked flask and stirred. The pH was regulated to 9 by adding 2 M NaOH. The solution was allowed to react for 60 min at room temperature. The final material was washed with 0.1 M HCl to ensure the complete removal of the copper ion templates. The resulting gels were washed with distilled water until the pH of the filtrate becomes 7.0, and the gels are dried at 80 °C.
Characterization Methods
Fourier transmission infrared (FT-IR) spectra measurements were done on a Spectrum 100 spectrometer (Perkin Elmer, U.S.A.) using the KBr pellets. Spectrophotometry was used for the measurement the concentration of Cu(II) in solutions at 440 nm. The surfaces of Cu(II) IIP were examined using a JSM-670 scanning electron microscope (SEM; Electronics Optical Ltd., Japan). The specific surface area and pore volume of the sorbents were measured according to the Brunauer-Emmett-Teller (BET) model by single-point analysis using Flowsorb II 2300 (Micromeritics Instrument Corporation, Norcross, GA, U.S.A.).
Adsorption Experiments
About 100 m Cu(II) (100 mg/ ) and 0.9 g Cu(II)-PANI/ATP-imprinted polymer were added together into a flask and stirred at 300 rpm (room temperature) for 4 h. After filtrating, the residual quantity of Cu(II) was analyzed by spectrophotometric methods to calculate the effect and adsorbance capacity (State Environmental Protection Administration 2002). The adsorption capacity (Q) of the adsorbent was calculated using the following equation:
(1) where C 0 is the initial concentration of Cu(II) (mg/ ), C e is the equilibrium Cu(II) concentration in the solution (mg/ ), V is the volume of the solution and W is the mass of the adsorbent. All assays were carried out and only mean values were presented.
Selective Recognition Experiments
To measure the selective recognition of Cu(II)-PANI/ATP-imprinted polymer for Cu(II), competitive metal ion-recognition studies were performed. When compared with Ni(II), it was found that Cu(II) ions have the same charge and similar ionic radii. Therefore, they were chosen as the competitive metal ions. Once the adsorption equilibrium is achieved, the concentration of the non-adsorbed ions in the liquid phase was determined directly by spectrophotometry. The adsorption ability, distribution ratio, selectivity factor of Cu(II) with respect to Ni(II) and relative selectivity factor were calculated using the following equation (Wang et al. 2009 ):
(2)
In equation (2), K d represents the distribution coefficient; C 0 (mg/ ) and C e (mg/ ) represent the initial and final concentration of the metal ions, respectively; V is the volume of the solution (m ); W is the mass of sorbent (g).
The selectivity coefficient (k) for the binding of a specific metal ion in the presence of competitor species can be obtained based on the following equation:
In equation (3), k represents the selectivity coefficient, K d[Cu(II)] and K d [M] represent the distribution ratios of Cu(II) and Ni(II), respectively. A relative selectivity coefficient (k′) can be defined using equation (4).
where k s and k n represent the selectivity factor of imprinted polymer and non-imprinted polymer, respectively.
Regeneration
To test the regenerative capacity of the Cu(II)-PANI/ATP, the unextracted Cu(II) was measured by spectrophotometer. The sorbents were washed in sequence with 2 M HCl, distilled water and with 1 M NaOH until the pH of the filtrate becomes 7.0. The sorbents are then dried under vacuum at 80 °C until they are used again.
RESULTS AND DISCUSSION
FT-IR Spectral Characteristics
The FT-IR spectra of PANI/ATP and Cu(II)-PANI/ATP-imprinted polymer were shown in Figure 1 . After the Cu(II) ions were imprinted, the peaks at 1562 and 798 cm −1 for N−H-stretching vibrations disappeared. This result indicated that the N−H bonds were successfully broken off, with the H atom of the N−H band being replaced by ECH. Moreover, the width of the peak at 3423 cm -1 , ascribed to the presence of −OH group, evidently enhanced, which confirms that ECH successfully initiated a ring-opening process. An overlapped band of -OH was obtained and this is shown in Figure 1 . In addition, the band around 2917 cm −1 (C−H) and 1477 cm −1 (−CH 2 ) shifted towards higher wave number, thereby causing a small displacement. It maybe suggested that after the ring-opening process of ECH, the environment around the C−H band changed. The peak of C−N band was observed at 1209 cm −1 . Based on the above analysis, it can be gathered that the presence of ECH is responsible for the a ring-opening process, and the varieties of positions and intensities of the peaks demonstrate that Cu(II) has indeed co-ordinated with the functional groups of Cu(II)-PANI/ATP.
SEM Characteristics
The Cu(II)-PANI/ATP-imprinted polymer was characterized by SEM in order to know their surface morphological images. As shown in Figure 2 , a porous structure was observed on the surface of the imprinted polymer due to coating with products of cross-linking and imprinting reaction. This porous structure helps to increase the adsorption superficial area and exposes the binding sites at the surface. The BET surface area and the Barrett-Joyner-Halenda adsorption average pore diameter (4V/A) of Cu(II)-PANI/ATP were found to be 93.1721 m 2 ·g −1 and 9.4582 nm, respectively. It was revealed that the imprinted polymer particles possessed a large surface area and highly porous structure. This was consistent with the conclusion obtained from the following experiments.
Effect of the Ratio of PANI to ATP in Determining the Rate of Adsorption
The effect of the ratio of PANI to ATP (before the cross-linking reaction) on adsorption ability was studied as shown in Figure 3 . It should be noted that the adsorption rate sharply increases with the increase in the amount of aniline (before the cross-linking reaction). When the ratio of PANI to ATP was 1:2, the adsorption rate increased up to 75%. It continues to increase at a relatively slow speed with contact time and reaches the equilibrium point when the PANI-to-ATP ratio becomes 1:1, beyond which there was almost no further increase in adsorption. Thus, to obtain the maximum extraction efficiency, the ratio of PANI to ATP (1:1) was chosen for further adsorption experiments.
Effect of Imprinted Cu(II) Concentration in Determining the Rate of Adsorption
The effect of the amount of Cu(II) (before the cross-linking reaction) on the adsorption ability was also studied. When the selected heavy metal ions were reversibly bound to the ATP coating and subsequently desorbed in the preparation of an adsorbent, the specific spaces of the imprinted metal ion were retained on the surface coating of the adsorbent, thereby enhancing the selectivity for heavy metal ions. Therefore, the concentration of imprinted Cu(II) was very important in determining the adsorption rate. As shown in Figure 4 , when the imprinted Cu(II) concentration is increased, the adsorption rate of Cu(II)-PANI/ATP also enhanced along with it. However, the adsorption rate did not show any increase when the imprinting Cu(II) concentration continued to increase beyond 250 mg/ . In fact, the imprinted Cu(II) concentration of 200 mg/ forming imprinting sites on the surface coating had saturated. In other words, all the N atoms of the PANI/ATP mixture have chelated with Cu(II) to form a porous structure. Further imprinting sites could not be formed even if the imprinted Cu(II) concentration is increased. The adsorption rate of Cu(II)-PANI/ATP for Cu(II) did not increase further. Therefore, the optimum imprinted Cu(II) concentration was selected as 200 mg/ .
Effect of the Amount of ECH in Determining the Rate of Adsorption
The effect of the amount of ECH in determining the adsorption ability of Cu(II) is shown in Figure 5 . The adsorption rate of Cu(II)-PANI/ATP had an obvious change when the amount of ECH was increased from 2 to 12 m ( Figure 5 ). The adsorption rate reached the equilibrium point when the ECH amount was increased to 16 m , beyond which no further increase in adsorption was observed. In fact, as we all know, the cross-linker chelates −NH 2 (the functional group), but 300 H. Xu et al./Adsorption Science & Technology Vol. 30 No. 4 the presence of ECH as a cross-linker helps in the formation of a few functional −OH groups that can bind heavy metal ions. Thus, the −NH 2 group on the sorbent (i.e. the functional group) could be protected through the imprinting process, so a certain amount of imprinting sites on surface coating would be formed after removing Cu(II). This may be the reason why the adsorption rate increased when the amount of ECH was lower than 16 m . But at amounts >16 m , more functional groups (−NH 2 ) were chelated by ECH, and subsequently the amount of imprinting sites on the sorbent surface is reduced which would result in reducing the adsorption rate of Cu(II). Therefore, the optimum concentration of ECH was selected to be 16 m . Figure 6 shows the time of ECH addition in determining the adsorption rate of Cu(II). As seen here, the Cu(II) adsorption rate increases with time during the first 40 min and then reaches the equilibrium point at 60 min, beyond which no further increase in adsorption rate was observed. This analysis reveals that the cross-linking reaction is completed in 60 min and therefore, 60 min was chosen as optimum time limit in further column experiments.
Effect of the Time of ECH Addition in Determining the Rate of Adsorption
Effect of the Amount of Cu(II)-PANI/ATP in Determining the Rate of Adsorption
The effect of the amount of Cu(II)−PANI/ATP-imprinted polymer on the adsorption rate of Cu(II) is shown in Figure 7 . It was investigated in the range of 0.1−1.0 g (Figure 7 ). We found that the adsorption rate of Cu(II) gradually increased up to the addition of 0.9 g of Cu(II)− PANI/ATP after which it stabilized. Therefore, 0.9 g of Cu(II)−PANI/ATP was selected for further studies.
Effect of pH in Determining the Rate of Adsorption
The effect of pH on adsorption was studied at different pH values ranging from 2.0 to 7.0 following the batch procedure. Using the same conditions described above, Figure 8 shows that at pH < 6, the adsorption rate of the Cu(II)-PANI/ATP-imprinted polymer decreases, while it increases with the increase in pH. A pH value of 6 is found to be optimum, after which the 302 H. Xu et al./Adsorption Science & Technology Vol. 30 No. 4 adsorption rate descends fast. This is because of the fact that the amino group of PANI will protonize (Jain et al. 1997; Cafnzares et al. 2002; Amara and Kerdjoudj 2003) when the acidity increases. Therefore, with the decrease in acidity, the extent to which the amino group will be protonized is reduced, thereby strengthening the coordination effect for the metal ions. Thus at a pH > 6, the adsorption rate becomes better because the Cu(II) ions which were saturated by adsorption of Cu(II)-PANI/ATP-imprinted polymer will constantly be desorbed. As shown in Figure 8 , the optimal pH for the extraction of Cu(II) ions from aqueous solution is around 6. Therefore, a solution with pH 6 was selected for the determining the rate of adsorption.
Effect of Time in Determining the Rate of Adsorption
We investigated the effect of time between 10 and 270 min in the rate of adsorption by following the batch experiments. Higher adsorption rates are observed at the beginning of the process, and by 240 min the adsorption equilibrium was gradually achieved (Figure 9 ). Therefore, the optimal time for Cu(II) adsorption was 240 min.
Adsorption Isotherm
Langmuir and Freundlich models [equations (5) and (6)] were applied to verify the adsorptive behaviour of Cu(II) ions in Cu(II)-PANI/ATP-imprinted materials.
Langmuir equation:
Freundlich equation:
where q m (mg/g) and b ( /mg) are the Langmuir isotherm coefficients. The value of q m represents the maximum adsorption capacity. C e is the equilibrium Cu(II) concentration in solution (mg/ ); q e is the equilibrium Cu(II) concentration on the adsorbent (mg/g). K f is the Freundlich constant, n (dimensionless) is the indicator of adsorption intensity, a constant related to the mean free energy of adsorption (mo 2 /kJ). The adsorption isotherm was constructed by plotting C e /q e versus C e . The Langmuir adsorption isotherm model is valid for monolayer adsorption onto a surface containing a finite number of identical sites. Freundlich model, on the other hand, was basically empirical in nature and it assumes that the adsorption occurs on heterogeneous surfaces. Figure 10 shows the adsorption isotherm. According to Table 1 , the adsorption isotherm follows the isothermal adsorption of Freundlich model (R 2 > 0.99). Thus, the maximum adsorption capacity of imprinted polymer towards Cu(II) was determined from Freundlich linear model. The maximum adsorption of Cu(II)-PANI/ATP-imprinted polymer was about 32.0 mg/g. It was characteristic for multi-layer adsorption. 
Competitive Adsorption
To discuss the selectivity of the imprinted polymer, the Ni(II) ion was chosen as the competitor species because it has the same charge, similar size, and also binds well with the diamine ligand (Lu and Yan 2004). Table 2 summarizes the uptake capacity, distribution coefficient (K d ), selectivity coefficient (k) of the sorbent towards Cu(II) as well as the relative selectivity coefficient (k′) obtained in these competitive ion-binding experiments between Ni(II) and Cu(II) ions. Because of the imprinting effect, the k values of imprinted polymer showed a more significant increase than the values of non-imprinted polymer. Also, the imprinted polymer shows high uptake capacity and high selectivity for Cu(II) in water solution spiked with standard Ni(II) and Cu(II) ions. There are two possible reasons for choosing Cu(II) removal in the presence of competitive ions. First, the size of Cu(II) can exactly fit into the cavity of the imprinted polymer. Second, the coordination geometry selectivity might play an important role, because the Cu(II)-imprinted sorbent arranges the ligand groups in a way required for the suitable coordination of Cu(II). In other words, the shape and functionality of the imprinting template are responsible for the observed imprinting effect. Therefore, the results showed that Cu(II) could be selectively separated by imprinted sorbent even in the presence of Ni(II)/Cu(II) ions.
Recycling of the Sorbent
To test the recyclability of the imprinted polymer, 0.9 g of Cu(II) IIP was used to extract Cu(II) ions by extraction cycles. The stripping agent used in this experiment was 1 M HCl. The results of the recyclability studies are shown in Table 3 . The imprinted polymer was found to be able to remove 82.2% of the Cu(II) from solution even after six extraction cycles. Therefore, the Cu(II) IIP showed excellent reusability and stability towards Cu(II). 
CONCLUSIONS
In this work, a new type of Cu(II) IIP was successfully prepared using a surface imprinting method. The optimum imprinted Cu(II) ion concentration was 200 mg/ while that of the crosslinking agent (ECH) was 16 m . It had high adsorption ability for Cu(II), i.e. an adsorption rate of 91.3% was achieved. And the polymer obtained exhibited high affinity, selectivity and fast process for imprinting Cu(II). Its selectivity was more than two times than that of non-imprinted polymer. The surface molecular imprinting polymer was also easy to regenerate. It can be used repeatedly for six cycles with recoveries of not less than 82.2%. In the isotherm study, a Freundlich model fitted well in the adsorption of Cu(II) on the imprinted polymer. Therefore, the imprinting polymer has a good potential for the treatment of industrial wastewaters contaminated with heavy metal ions.
